Magnetic molecular imprinted nanoparticles (MMIPs), combining the progressiveness of magnetic nanoparticles and surface molecular imprinting technology, have attracted increasing attention because of the high efficiency and specificity in isolation and enrichment of the target protein. This study focused on the preparation of bovine hemoglobin MMIPs with bovine hemoglobin (BHb) as the template protein and the molecular imprinted polymer covering the functional magnetic nanoparticles modified with silane and acrylic groups. The physicochemical characteristics as well as the dynamics and isothermal adsorption properties of the generated nanoparticles were investigated to determine their efficiency and specificity in the adsorption of target protein. The maximum adsorption of the target protein was 169.29 mg g À1 at a specific pH, which was much larger than those obtained in some other research reports. MMIPs showed favorable selectivity towards BHb in a mixture of three different proteins. The results indicated the significant effects and broad prospects of MMIPs in the isolation and enrichment of specific proteins in the field of food, medicine and biological research.
Introduction
Molecular imprinting is the strategy of complementary pairing between the matrix and the target molecule in terms of molecular size, morphological conformation, threedimensional structure and active groups. The molecular imprinting technique (MIT), with the target molecule as a template that is combined with a functional monomer by adding a crosslinking agent, forms a type of polymer with cavities that are complementary with the target molecules through the polymerization reaction. Aer the template molecules are eluted, the cavities occur on the surface of the polymer with a xed shape and a determined arrangement of functional groups. Currently, MIT is widely used in the identication and separation of small molecules, such as antibiotic determination, 1 toxin detection, 2 and drug release. Various preparation methods have been investigated for molecularly imprinted polymers, including solution bulk polymerization, 4 suspension polymerization, 5, 6 emulsion polymerization, 7, 8 seed expansion polymerization, 9 precipitation polymerization 10 and surface imprinting technology.
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Recently, surface molecular imprinting technology, consisting of self-assembled polymerization, 13 distillation precipitation polymerization, 14 surface-initiated atom and transfer radical polymerization, 15 has attracted increasing attention due to its small mass transfer resistance, high imprinting efficiency and fast adsorption rate. The surface molecular imprinting technique refers to molecule imprinting polymerization on the surface of solid supporters, which includes two basic types. One is on the surface of pores inside the supporters, such as mesoporous materials; the other is on the surface of microspheres, such as silica particles, graphene particles, Fe 3 O 4 magnetic nanoparticles and nanotubes. 16 Although these surface imprinted materials display the characteristics of high imprinting efficiency, most of them are difficult to separate because of the hydrophilic groups and complicated precipitation process. Magnetic molecular imprinted nanoparticles (MMIPs) combining magnetic susceptibility with a surface molecular imprinted polymer not only achieve high selectivity and adsorption, but also promote the effective separation of the matrix from the solution, thus facilitating the capture of the target molecules.
It is well known that proteins showing impeded diffusion in traditional monolithic imprints, insolubility in common imprinting solvents, general exibility and instability have restricted the application of the protein molecular imprinting technique. 17 However, the recognition, adsorption, separation and enrichment of proteins by MMIPs have recently gained plenty of attention. 18 Jing et al. have prepared multifunctional lysozyme-imprinted nanoparticles for lysozyme recognition and adsorption. 19 Li et al. have successfully synthesized bovine hemoglobin surface-imprinted polystyrene (PS) nanoparticles with magnetic susceptibility 20 and poly(3-amino-phenylboronic acid)-coated MMIPs 21 with high adsorption capacity for the template protein BHb. Recent progress has been made in using MMIPs for preparing and analyzing food samples. 22 Moreover, molecularly imprinted core-shell magnetic nanoparticles were applied for selective enrichment of proteins in MALDI-TOF MS analysis.
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In this study, magnetic nanoparticles, which were functionalized by silane and acrylic groups, were coated by the synthesized bovine hemoglobin (BHb) imprinted polymer. A transmission electron microscope (TEM) was used to observe the morphologies and structures of MMIPs. The chemical functionalities on the surface of the modied MMIPs were determined by Fourier transform infrared spectroscopy (FT-IR). The components and magnetic content of the MMIPs were investigated by thermo-gravimetric (TG) analysis.
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The dynamic adsorption, isothermal adsorption, reusability and the effect of different pH towards adsorption were investigated. In addition, the specic adsorption of MMIP towards BHb was determined by SDS-PAGE electrophoresis.
Materials and methods

Materials
The chemicals 25% ammonia solution (NH 3 30 C, and a mixture of TEOS (1 mL) and ethanol (20 mL) was added dropwise to the solution. Aer reacting for 2 h with stirring at 900 rpm, the product Fe 3 O 4 @SiO 2 was placed in an external magnetic eld. The supernatant was removed when the magnetic nanoparticles were gathered. Aer washing several times with deionized water, the magnetic nanoparticles were dispersed in a mixture of AA (5 mL) and ethanol (160 mL), followed by reaction at 30 C for 2 h. The functionalized superparamagnetic nanoparticles were then separated by a permanent magnet and washed several times with super pure water and ethanol, in sequence. Finally, the product Fe 3 O 4 @SiO 2 -AA was dried in vacuum.
Preparation of magnetic molecular imprinted nanoparticles (MMIPs) and non-molecular imprinted nanoparticles (NMIPs)
With reference to the research reported by Guo et al., 26 the MMIPs and NMIPs were prepared in a convenient and rapid way as described below. Initially, 60 mg . Aer ultrasonic vibration for 20 min, the template protein BHb (10 mg) was added into the mixture to prepare the MMIPs. The mixed solution was stirred at 25 C at a shaking bath speed of 150 rpm for 1 h to pre-assemble the mixtures, followed by purging with a nitrogen steam for 10 min. Then, 70 mL APS (20%) and 14 mL TEMED were added into the above suspension to initiate the reaction. Aer shaking at 25 C at a speed of 150 rpm for 12 h, the precipitate was collected by a permanent magnet and cleaned by deionized water to remove the extra BHb and the unreacted monomers. The template proteins proceeded to be removed from the MMIPs using SDS-HAc aqueous (2%, 2%) as the eluent until the supernatant displayed no absorption at the detection wavelength of 406 nm. Then, the MMIPs were washed with deionized water to eliminate the residue eluent and then dried in vacuum. The NMIPs were prepared using the same procedures as described above except for the addition of the template protein BHb. 
Adsorption experiments of protein
The protein solution using phosphate buffer solution (PBS) as solvent was freshly prepared to determine the adsorption. The isothermal adsorption experiments were conducted by mixing 5 mg MMIPs and 2 mL BHb-PBS (0.02 M, pH 7) with different initial concentrations (0.2 mg mL À1 , 0.4 mg mL À1 , 0.6 mg mL À1 , 0.8 mg mL À1 , 1.0 mg mL À1 , 1.2 mg mL À1 , 1.4 mg mL À1 , 1.6 mg mL À1 , and 1.8 mg mL À1 ), stirred at 25 C in a shaking bath at a speed of 150 rpm for 12 h. The supernatants before and aer absorption were detected by a UV-vis spectrophotometer (UV-5300, Hitachi, Tokyo, Japan) at 406 nm for the concentration of BHb. The adsorption capacity (Q) of the protein to the MMIPs was calculated using the following formula:
where C i and C f (mg mL À1 ) refer to the initial and nal For the specic adsorption of MMIPs, 5 mg of both MMIPs and NMIPs were added into a 2 mL protein mixture of ovalbumin, bovine hemoglobin and bovine serum (concentration of 0.5 mg mL À1 ) for an oscillating adsorption experiment (12 h, PBS 0.02 M buffer solution). Aer 12 h, the supernatant was removed and used for SDS-PAGE electrophoresis experiments. Aer adsorption, both the MMIPs and NMIPs were eluted with 5 mL eluent (2% SDS) for 12 h and nally, the eluent was also used for SDS-PAGE electrophoresis experiments.
Characterization
The morphologies and structures of 
Results and discussion
Preparation of MMIPs
The synthesis route of MMIPs is illustrated in Scheme 
TEM characterization
The size and morphological structure of naked Fe 3 O 4 , Fe 3 -O 4 @SiO 2 -AA and MMIPs are illustrated in Fig. 2 . The diameter of the Fe 3 O 4 particles ( Fig. 2A ) was about 20 nm; the space between Fe 3 O 4 particles was narrow. As shown in Fig. 2B , the diameter of MMIPs was supposed to be around 25 nm, which indicated that the molecular imprinted polymer coated on the MMIPs was sufficiently thin and suitable for the capture of BHb. As shown in Fig. 2 , the MMIP (Fig. 2B) and NMIP (Fig. 2C ) particles were more dispersive as compared to the Fe 3 O 4 particles (Fig. 2A) ; thus, it can be concluded that the polymeric coating had appropriately shielded the magnetite and signi-cantly reduced the aggregation of the particles. 
TGA analysis
To analyze the components and the concentration of iron oxide in the functional nanoparticles, TGA analysis was performed; the resultant curves are illustrated in Fig. 3 
Investigation on the PI of functional magnetic nanoparticles
The changes in zeta potential of the different magnetic particles with the solution pH are shown in Fig. 4 . When the zeta potential reached zero, the electrostatic charge of the magnetic particle surface was zero. At this point, the pH of the solution was the isoelectric point (PI) of the magnetic particle. As shown in Fig. 4 provided by the crosslinker and partially due to the functional monomers. This also indirectly proved that the magnetic particles were successfully modied with functional groups and molecularly imprinted layers. To investigate the dynamic adsorption of BHb onto MMIPs, the changes in adsorption capability versus time are illustrated in Fig. 5 . It can be easily concluded that the adsorption capability of MMIPs increased rapidly within 1 h, and then signicantly slowed down. The rebinding capability sluggishly increased aer 1 h because the patterns of the cavities for the template on the surface of MMIPs varied widely and the mass-transfer resistance became higher aer most BHb was bound to the MMIPs. Nevertheless, the maximum adsorption capability of MMIPs can reach to 116.69 mg mL À1 , which is much higher than that reported by Fu et al.
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Some models were tted to the variation of adsorption capacity with time. It was found that the adsorption process of MMIPs to BHb was more in line with the pseudo second-order kinetic model. The pseudo second-order kinetic formula can be expressed as follows:
where Q and Q e (mg g À1 ) referred to the amounts of BHb absorbed by MMIPs with time and at equilibrium, respectively; K 2 (min À1 ) and t (h) refer to the rate constant of second-order adsorption and the rebinding time, respectively. According to formula (2), the curve of t/Q versus time was obtained (Fig. 6) . The tting equation was y ¼ 0.0084x + 0.0052. The correlation coefficient R 2 was 0.9948, greater than 0.99, which indicated that the second-order kinetics is suitable for describing the adsorption process of MMIPs to BHb. From the tted equation, the maximum adsorption capacity of MMIPs to BHb was 192.31 mg mL À1 .
Isothermal adsorption.
In this study, 5 mg MMIPs were mixed with 2 mL BHb with different concentrations for 12 h of dynamic rebinding. The maximum adsorption amount of BHb on MMIPs at different initial concentrations of BHb was studied. As shown in Fig. 7 , with an increase in BHb initial concentration, the equilibrium adsorption capacity of MMIPs to BHb increased continuously. When the initial concentration of BHb increased to 1.0 mg mL À1 , the adsorption capacity of
MMIPs to BHb tended to be at equilibrium. This suggests that the cavities on MMIPs for combining with BHb approached saturation at the initial BHb concentration of 1.0 mg mL À1 . The
BHb adsorption process of MMIPs at different initial concentrations was tted to the Langmuir isotherm model. The Langmuir isothermal adsorption formula is as follows:
where Q and Q m (mg g À1 ) refer to the amounts of BHb absorbed by MMIPs with time and at equilibrium, respectively; C e represents the concentration of BHb at equilibrium (mg mL À1 );
k is the adsorption equilibrium constant of the Langmuir model. As shown in Fig. 8 , the tting equation for the adsorption capability of MMIPs on BHb using Langmuir was y ¼ 0.0067x + 0.0024; the maximum adsorption capacity of MMIPs on BHb was 149.25 mg mL À1 according to the equation, which was higher than that obtained by Gao et al. 30 The correlation coefficient R 2 obtained by tting was 0.9906, which indicated that the adsorption process was well-described by the Langmuir adsorption model.
Reusability of MMIPs
To investigate the reusability of MMIPs, the BHb absorbed on the MMIPs was eluted by a 2% SDS-HAc solution and then, the MMIPs were used to rebind the BHb several times repeatedly. Fig. 9 shows the high and stable adsorption of the MMIPs aer ve times of reuse, which reected the favourable reusability of MMIPs.
Effect of different pH on the adsorption of MMIPs
In this study, the equilibrium adsorption capacity of MMIPs on BHb was investigated at different pH at 25 C (PBS buffer, 0.02 M). As shown in Fig. 10 , when the pH of the BHb solution increased from 5.4 to 6.2, the adsorption capacity of MMIPs to BHb increased gradually. However, when the pH of the solution increased from 6.2 to 8.2, the adsorption of MMIPs to BHb decreased gradually. Therefore, the amount of BHb adsorbed by MMIPs reached a maximum of 169.29 mg g À1 at a solution pH of about 6.2. As previously concluded, the PI of MMIPs was about 4.5, while the PI of BHb was about 6.8. In the pH range of 4.5-6.8, increasing the pH gradually increases the negative charges on MMIPs, while the positive charges on BHb decreases gradually. Therefore, at a dened pH value the electrostatic adsorption between MMIPs and BHb reaches a maximum. This is why the MMIPs obtained a maximum adsorption capacity of 
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BHb at pH 6.2. This also indicates that at a suitable pH value, the electrostatic interaction between MMIPs and BHb can promote the adsorption ability.
Selective adsorption
As shown in Fig. 11(A) , in the protein mixture adsorbed by MMIPs, the color of the BHb band turned shallow, while there were no visible changes in the other protein bands (Lane 5 and 7 in Fig. 11A ). Comparatively, in the mixed solution aer adsorption by NMIPs, not only the band of BHb, but also the bands of OVA and BSA became shallow (Lane 6 and 8 in Fig. 11A ). As shown in Fig. 11(B) , in the solution of protein eluted from MMIPs, only the band of BHb can be observed (Lane 5 and 7 in Fig. 11B ). For the eluent from NMIPs, all of the bands of BHb, OVA and BSA can be observed (Lane 6 and 8 in Fig. 11B ). It can be adequately demonstrated that MMIPs can selectively adsorb the template protein. By comparison, the NMIPs, prepared by the same synthesis process as the MMIPs except for the imprinting of template protein, could not to achieve the specic adsorption of the template protein because of the lack of specic cavities that are complementary with the target protein.
Conclusion
In this study, molecularly imprinted magnetic nanoparticles were prepared by using BHb as the template protein on the basis of core-shell functionalized nanoparticles modied with silyl and acrylate groups. The magnetic particles with small volume, large specic surface area, good dispersibility, and abundant cavities, complementary with template proteins in morphology, structure, size and binding groups, can achieve ample protein adsorption in short time with high specicity. In addition, MMIPs with high magnetic content can be rapidly separated from the solution under an applied magnetic eld. Therefore, molecularly imprinted magnetic nanoparticles have signicant effects and broad prospects in the isolation and enrichment of specic proteins in the food, medicine and biological research elds.
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